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Arginine methylation-dependent LSD1 stability
promotes invasion and metastasis of breast cancer
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Abstract

Histone lysine demethylase 1 (LSD1), the first identified histone
demethylase, is overexpressed in multiple tumor types, including
breast cancer. However, the mechanisms that cause LSD1 dysregu-
lation in breast cancer remain largely unclear. Here, we report that
protein arginine methyltransferase 4 (PRMT4 or CARM1) dimethy-
lates LSD1 at R838, which promotes the binding of the deubiquiti-
nase USP7, resulting in the deubiquitination and stabilization of
LSD1. Moreover, CARM1- and USP7-dependent LSD1 stabilization
plays a key role in repressing E-cadherin and activating vimentin
transcription through promoter H3K4me2 and H3K9me2 demethy-
lation, respectively, which promotes invasion and metastasis of
breast cancer cells. Consistently, LSD1 arginine methylation levels
correlate with tumor grade in human malignant breast carcinoma
samples. Our findings unveil a unique mechanism controlling LSD1
stability by arginine methylation, also highlighting the role of the
CARM1-USP7-LSD1 axis in breast cancer progression.
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Introduction

Lysine-specific demethylase 1A (LSD1/KDM1A/AOF2) is the first

identified histone demethylase, which selectively removes the

methyl group from mono- or dimethylated histone H3 at lysine 4

(H3K4me1/2) [1] and lysine 9 (H3K9me1/2) [2–4] to mediate gene

repression and activation, respectively. In addition, nonhistone

proteins such as p53 and Dnmt1 have also been found to be

demethylated by LSD1 [5,6]. Overexpression of LSD1 has been

proved in numerous cancers, and high level of LSD1 causes tumor

aggressiveness and poor prognosis in lung, prostate, colon and

breast cancers [7–12]. As is known, protein abundance is regulated

at both transcriptional and post-transcriptional levels. Strikingly,

multiple post-transcriptional modifications have been reported regu-

lating LSD1 stability [13–18], which gained increasing appreciation.

Our previous study also reports that high level of LSD1 contributes

to breast cancer development [19], while phosphorylation of LSD1

was indispensable for breast cancer metastasis [20]. To date, the

mechanistic details of LSD1 dysregulation are largely unclear.

Previous studies have shown that LSD1 is an unstable protein

and can be degraded by proteasome [21,22]. Ubiquitination plays

important roles in the degradation of proteins [23]. In contrast,

deubiquitination, the reverse process that catalyzed by deubiquity-

lase, endows the proteins with the stabilization property [24,25],

and recent evidence reveals that LSD1 can be deubiquitinated and

stabilized by deubiquitylases [13–15,18]. Notably, lysine methyla-

tion and phosphorylation have been learned to regulate LSD1 stabil-

ity through ubiquitination modification. Lysine methyltransferase

SUV39H2 trimethylates LSD1 at K322, which suppresses LSD1 ubiq-

uitination, leading to the stabilization of the protein [17]. Likewise,

phosphorylation of LSD1 S683 mediated by GSK3b promotes the

binding of deubiquitinase USP22 with LSD1, resulting in the deubiq-

uitination and hence the stabilization of LSD1 [13]. However,

whether the stability of LSD1 is regulated by arginine methylation is

far from well understood.

As a prevalent post-translational modification, protein arginine

methylation is catalyzed by a family of enzymes termed protein argi-

nine methyltransferases (PRMTs) [26]. As a type I PRMTs, CARM1

catalyzes the formation of asymmetric dimethylarginine (me2a).

Recent evidence shows that CARM1 is deregulated in numerous

cancers [27–29]. Strikingly, compelling evidence for oncogenic activi-

ties of CARM1 has recently been presented in breast cancer. In paral-

lel to LSD1, CARM1 is highly expressed in breast cancer [30–33], and

elevated levels of CARM1 are associated with poor prognosis [32]. In

spite of the accumulating data for CARM1’s roles in breast cancer

progression, the mechanisms of its function remain elusive. Recent

studies revealed that CARM1 methylates chromatin-remodeling factor
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BAF155 at Arg1064; methylated BAF155 positively controls the

expression of the c-Myc pathway and enhances breast cancer progres-

sion and metastasis [34]. Likewise, CARM1 methylates PKM2 at

Arg445/447/455 and then promotes breast cancer metastasis by

reprogramming oxidative phosphorylation to aerobic glycolysis [35].

These studies provided clues that CARM1 promotes breast cancer

progression through methylation of cancer-relevant substrates.

Among which, if LSD1 is a new substrate for CARM1 during breast

cancer progression remains unclear.

The aim of this study was to explore the molecular mechanisms for

the presence of high-level LSD1 in breast cancer. We found that LSD1

is a novel substrate of CARM1, while CARM1 maintains LSD1 stability

through promoting the binding between deubiquitinase USP7 and

LSD1. We also demonstrated a significant correlation between LSD1,

CARM1 and LSD1 R838me2a in human breast tumor samples. These

findings may potentially provide a basis for the development of a

novel therapy strategy against breast carcinogenesis.

Results

CARM1 dimethylates LSD1 at arginine 838

Numerous post-translational modifications of LSD1 in human

cancer cells have been found recently, such as lysine methylation,

acetylation, and phosphorylation [13,17,36–38]. Our previous work

also found that phosphorylation of LSD1 was indispensable for

breast cancer metastasis; however, whether LSD1 could be

arginine-methylated remains unknown. To explore whether LSD1 is

arginine-methylated, immunoprecipitation was conducted in HEK-

293T-Flag-LSD1 cells. The results revealed that LSD1 was indeed

arginine-methylated (Fig EV1A). To pinpoint the LSD1 methylation

site(s), we performed liquid chromatography-tandem mass

spectrometry (LC-MS/MS) analysis of LSD1 obtained from HEK-

293T-Flag-LSD1 cells. As the results, 4 methylated arginine residues

(Arg108/608/726/838) were identified (Fig 1A, Appendix Fig S1A–C

and Dataset EV1). To identify the PRMT(s) responsible for LSD1

methylation, we purified PRMT1, CARM1, PRMT5, PRMT6, and

PRMT7 protein. In vitro methylation assays showed that all PRMTs

displayed methyltransferase activity against histones (Fig EV1B);

however, only CARM1 catalyzed LSD1 methylation (Fig EV1C). As

a methyltransferase, CARM1 catalyzes the formation of asymmetric

dimethylarginine; we did find that the asymmetric dimethylation

status of LSD1 was markedly increased after CARM1 overexpression

in HEK-293T cells (Fig EV1D). The interaction of LSD1 and CARM1

was also confirmed in vivo (Fig 1B and C) and in vitro (Figs 1D and

EV1E). These results suggest that LSD1 is methylated by CARM1.

To determine the major methylation site(s) of LSD1, we substi-

tuted the 4 arginine residues with alanine, either individually or in

combination, in GST-LSD1. The in vitro methylation analysis

showed that R838A, as well as mutations of R838 in combination

with other sites, abolished CARM1-mediated methylation of LSD1,

whereas the other three sites (R108, R608, and R726) failed to do so

(Figs 1E and EV1F). The LC-MS/MS revealed that R838 was

dimethylated (Fig 1A), indicating that CARM1 dimethylated LSD1 at

R838. Since CARM1 catalyzes the formation of asymmetric

dimethylarginine, we generated a polyclonal antibody specifically

recognizing asymmetrically dimethylated R838 of LSD1 (anti-LSD1

R838me2a), and the specificity was verified by ELISA, dot blotting,

and immunoprecipitation assays (Appendix Fig S2A–C and

Appendix Table S1).

To further confirm that CARM1 was responsible for LSD1 R838

methylation, increasing amounts of GST-CARM1 were incubated

with wild-type LSD1 (LSD1 WT), and the resultant products were

detected by immunoblotting with anti-LSD1 R838me2a. As

expected, methylation level of R838 was correlated with the increas-

ing amounts of CARM1 (Fig 1F). Additionally, only LSD1 WT was

methylated by CARM1, while R838K/A mutants (mimics of the

unmethylated status) were not (Fig 1G). Consistently, we noticed

that the methylation site (R838) of LSD1 is highly conserved among

the mammals analyzed (Fig 1H). Collectively, these data indicate

that LSD1 is asymmetrically dimethylated by CARM1 at R838.

LSD1 R838 methylation promotes the stabilization of LSD1

We then intended to clarify the function of LSD1 arginine methyla-

tion mediated by CARM1. We first examined the levels of CARM1,

LSD1, and LSD1 R838me2a in MCF10A, MCF7, and MDA-MB-231

cell lines and found that they had the highest levels in MDA-MB-231

cells known to be highly metastatic (Fig 2A). In addition, both

CARM1 and LSD1 were highly expressed in human breast cancerous

tissues compared with the non-cancerous tissues, and also with a

high positive correlation (Fig EV2). These results implicate that

CARM1 might play a role in maintaining high level of LSD1 in breast

cancer. Actually, both LSD1 and LSD1 R838me2a levels were

sharply decreased after knockdown of CARM1 in MDA-MB-231 cells

(Fig 2B); however, the mRNA levels showed marginal change

(Fig 2C). Consistently, LSD1 decreased in a dose-dependent manner

when MDA-MB-231 cells were treated with CARM1 inhibitor MS049

(Fig 2D). Results above implicate that CARM1-mediated LSD1 argi-

nine methylation might be responsible for its stability.

Since LSD1 has been reported degraded by proteasome [21,22],

we made a hypothesis that CARM1 affects the stability of LSD1

through ubiquitin-proteasome pathway. To substantiate this

assumption, we treated MDA-MB-231 cells with proteasome inhi-

bitor MG132, and we observed that the inhibitory effect of MS049

and CARM1 knockdown on LSD1 was reversed (Fig 2E and F).

Besides, CARM1 knockdown shortened the half-life of LSD1 upon

the addition of protein synthesis inhibitor cycloheximide (CHX) in

MDA-MB-231 cells (Fig 2G). Furthermore, LSD1 ubiquitination was

increased after CARM1 knockdown (Fig 2H), and it was increased

in a dose-dependent manner upon the addition of MS049 (Fig 2I).

We further examined the ubiquitination and stabilization of LSD1 in

MCF10A cells that barely express CARM1, and found that the

half-life of LSD1 in MCF10A was much shorter than that of MDA-

MB-231 cells, at a similar level to that of CARM1-knockdown

MDA-MB-231 cells (Appendix Fig S3A and Fig 2G). Meanwhile, we

observed a robust increase in LSD1 upon the addition of MG132 in

MCF10A cells (Appendix Fig S3B), and the ubiquitination status of

LSD1 in MCF10A was much stronger than that of MDA-MB-231

cells, at a similar level to that of MDA-MB-231-shCARM1#2 cells in

which CARM1 was efficiently knocked down (Appendix Fig S3C).

These results support the notion that CARM1 stabilizes LSD1 by

decreasing its ubiquitination, which intrigued us to determine

whether the methylation of LSD1 R838 contributed to LSD1 stability.

To verify this assumption, LSD1 WT or R838A mutant was
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overexpressed in HEK-293T cells followed by CHX treatment, and

we discovered that the half-life of R838A mutant was much shorter

than that of LSD1 WT (Fig 2J). Besides, R838A mutant exhibited

higher ubiquitination levels than that of LSD1 WT (Fig 2K). In

addition, the ubiquitination level of LSD1 WT was sharply

elevated, whereas R838A mutant showed a negligible change upon

the addition of MS049 in HEK-293T cells overexpressing LSD1 WT

or R838A mutant (Fig 2L). Taken together, these results indicate

that CARM1-mediated methylation of LSD1 R838 promotes LSD1

stabilization.

CARM1-dependent methylation of LSD1 promotes
deubiquitylation of LSD1 through USP7

Recent evidence suggests that LSD1 is stabilized by deubiquitylases

[13–15, 18]. As LSD1 R838 methylation decreases LSD1 ubiquitina-

tion, we hypothesized that R838 methylation may promote the bind-

ing of deubiquitylase to LSD1. To fulfill this hypothesis, we

screened the deubiquitylases from our LC-MS/MS data (Dataset

EV2) and deubiquitylases which have been reported to interact with

LSD1. In order to eliminate the influence of the background caused

by high level of LSD1 in MDA-MB-231 cells, we first knockdown the

endogenous LSD1 using lentivirus producing shRNAs targeting

LSD1 mRNA 30UTR. We then transfected the plasmids expressing

Flag-tagged LSD1 WT or LSD1 R838A/R838K/R838F (a mimic of

constitutive methylated status) mutants in LSD1-knockdown MDA-

MB-231 cells, named MM-231-shLSD1-WT/R838A/R838K/R838F.

We found that the interaction between deubiquitylase USP7 and

LSD1 was significantly attenuated in R838A mutant (Fig 3A), which

indicates that LSD1 R838 methylation enhances the binding of USP7

to LSD1. To further dissect the interaction between LSD1 and USP7,

we generated GST-tagged or Flag-tagged deletion mutants of LSD1

(Fig EV3A). The GST-tagged mutants were purified and applied for

GST pull-down assays with Flag-USP7. It was found that both the

mutant with deletion of carboxyl terminus of LSD1 (◄CT), and the

mutant with deletion of carboxyl terminal AOD (◄AOD-C), dramati-

cally weakened the pulldown of Flag-USP7 (Fig EV3B). Further-

more, the Flag-tagged mutants were overexpressed in HEK-293T

cells, followed by Co-IP assays, and the same results as GST pull-

down were obtained (Fig EV3C). These results indicate that the

AOD-C (520–852 aas) is required for the interaction between LSD1

and USP7.

We next assessed the effect of USP7 on LSD1 stability. We found

that LSD1 protein levels were reduced when treated with USP7 inhi-

bitor P5091 or knockdown USP7 in MDA-MB-231 cells (Figs 3B and

EV4A). In contrast, USP7 WT overexpression increased LSD1

protein level in HEK-293T cells, while USP7 C223S (a catalytic-inac-

tive mutant) failed to do so (Fig EV4B). As expected, knockdown or

inhibition of USP7 dramatically increased LSD1 ubiquitination levels

(Figs 3C and EV4C). Moreover, overexpression of USP7 WT, but not

USP7 C223S, significantly weakened LSD1 ubiquitination in HEK-

293T cells (Fig 3D). These results demonstrate that USP7 deubiquiti-

nates and stabilizes LSD1.

We then attempted to determine whether the deubiquitination

of LSD1 by USP7 depended on the methylation of LSD1 by CARM1.

We demonstrated that P5091 could only increase the ubiquitination

of LSD1 WT, whereas LSD1 R838A remained unchanged (Fig 3E).

Moreover, CARM1 knockdown weakened the interaction between

endogenous USP7 and LSD1 in MDA-MB-231 cells, which caused

the enhancement of LSD1 ubiquitination (Fig 3F). MDA-MB-231

cells treated with MS049 yielded similar results (Fig 3G). Further-

more, inhibition of CARM1 attenuated the interaction between

USP7 WT/C223S and LSD1 upon USP7 WT/C223S overexpression

in HEK-293T cells, whereas it only upregulated the ubiquitination

of LSD1 in HEK-293T-USP7 WT cells (Fig 3H). These results impli-

cate that CARM1-dependent methylation of LSD1 is critical for

LSD1 binding with USP7 that leads to the deubiquitination of the

protein.

Methylation of LSD1 at R838 promotes breast cancer invasion
and metastasis

We have reported that LSD1 induces the migration and invasion of

breast cancer cells [19,20]. To further explore the role of LSD1 R838

methylation in breast cancer progression, we treated MM-231-

shLSD1-WT/R838A/R838K/R838F cells with CARM1 inhibitor

MS049, and found that R838A/R838K mutants impaired migratory

(Figs 4A and EV5A) and invasive (Fig 4B) capabilities of MDA-MB-

231 cells. Besides, inhibition of CARM1 sharply decreased the

migration (Figs 4A and EV5A) and invasion (Fig 4B) abilities of

◀ Figure 1. CARM1 dimethylates LSD1 at arginine 838.

A Mass spectrometric analysis of LSD1 methylation. Immunoprecipitation (IP) was performed using anti-Flag antibody in HEK-293T cells overexpressing Flag-tagged
LSD1, followed by liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) analysis. The fragmentation of the LSD1 peptide IADQFLGAMYTLPR
identified a dimethylated residue at R838.

B Interactions between LSD1 and CARM1 were detected by co-immunoprecipitation (Co-IP) assay with anti-Flag in HEK-293T cells transfected with Flag-LSD1 or Flag-
CARM1, respectively.

C Interaction of endogenous LSD1 with CARM1 was analyzed by Co-IP assay using anti-CARM1 antibody in MDA-MB-231 cells.
D Purified GST-tagged CARM1 was pulled down with the Flag-LSD1 purified from HEK-293T cells. The amounts of GST and GST-tagged CARM1 were visualized by

Coomassie Blue staining (asterisk: GST-CARM1).
E In vitro methylation assays. Purified fusion protein of GST-tagged LSD1 WT or the four methylated arginine mutants (RA), or four methylated arginine mutants in

combination (4RA), were incubated with GST-CARM1 in the presence of 3H-SAM. Methylated proteins were detected via autoradiography, and total amounts of
proteins were visualized by Coomassie Blue staining (arrows: the position of LSD1; arrowheads: the position of CARM1).

F Increasing amounts of GST-CARM1 incubated with GST-LSD1 in the presence of SAM at 30°C for 1 h. And methylation of LSD1 was analyzed by immunoblotting with
anti-LSD1 R838me2a antibody.

G GST-CARM1 incubated with GST-LSD1 WT or GST-LSD1 R838A/R838K in the presence of SAM at 30°C for 1 h, followed by immunoblotting with anti-LSD1 R838me2a
to detect LSD1 methylation.

H Sequence alignments of LSD1 among mammals. LSD1 residue at R838 is denoted in the protein sequences.

Source data are available online for this figure.
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cells that expressed LSD1 WT, accompanied by decreased

mesenchymal markers (Appendix Fig S4A), whereas had no effect

on cells that expressed LSD1 R838A/R838K/R838F mutants

(Figs 4A and B, and EV5A). Strikingly, we discovered that the cells

expressed LSD1 R838F exhibited a high mobility no matter they

were treated with or without MS049 (Figs 4A and B, and EV5A).

Consistently, similar results can be seen in MCF7 cell lines that

expressed LSD1-WT/R838A/R838K/R838F under the same treat-

ment (Figs 4C and D, and EV5B). Moreover, we co-expressed

CARM1 with LSD1 WT, or one of LSD1 mutants (R838A/R838K/

R838F) in MCF10A cells. CARM1 overexpression remarkably

increased migration (Figs EV5C and 5E) and invasion (Fig EV5D)

abilities of cells that expressing LSD1 WT, together with a signifi-

cant downregulation of epithelial marker E-cadherin, and a strong

up-regulation of mesenchymal markers (Appendix Fig S4B).

Collectively, these data clearly indicate that CARM1 enhances the

LSD1-induced cell migration and invasion depending on LSD1

R838 methylation.

We next evaluated the roles of LSD1 R838 methylation in

mediating cell proliferation, and found that the growth rate of

MDA-MB-231 cells expressing LSD1 WT was similar to that of

LSD1 mutants (R838A/R838K/R838F) (Appendix Fig S5A). We

then confirmed that inhibition of CARM1 had little influence

on the growth velocity of MM-231-shLSD1-WT/R838A cells

(Appendix Fig S5B). Similar results can be seen in MCF7 cell lines

under the same treatments (Appendix Fig S5C and D). These data

suggest that methylation of LSD1 at R838 has no impact on cell

proliferation.

To further evaluate the critical roles of LSD1 methylation in

breast cancer metastasis in vivo, MM-231-shLSD1-WT, MM-231-

shLSD1-LSD1 R838A, MM-231-shLSD1-LSD1 R838K, and MM-231-

shLSD1-LSD1 R838F cells were injected into the tail veins of female

nude mice. Strikingly, 7 weeks later, lung tissues were dissected

and examined by macroscopically and H&E staining. We discovered

that mice injected with MM-231-shLSD1 R838A/K cells formed

fewer lung metastases foci than that injected with MM-231-shLSD1-

WT or MM-231-shLSD1-LSD1 R838F cells (Fig 4E and F). These data

are strongly indicative of the pivotal role of LSD1 methylation in

promoting breast cancer metastasis in vivo.

CARM1 and USP7 regulate the expression of E-cadherin and
vimentin depending on LSD1 R838 methylation

We have shown that LSD1 decreases E-cadherin while increases

vimentin transcription by reducing H3K4me2 and H3K9me2 at their

promoters, respectively, in breast cancer cells [19,20]. We intended

to find out whether CARM1 and USP7 are involved in regulation of

these genes by LSD1. Our ChIP results revealed that the presence of

LSD1 at E-cadherin and vimentin promoters was decreased under

MS049 or P5091 treatment in MDA-MB-231 cells (Fig 5A and B).

Moreover, the E-cadherin mRNA level was increased while the

vimentin was reduced after MS049 or P5091 treatment in MM-231-

shLSD1-WT cells, whereas MM-231-shLSD1 R838A cells displayed

negligible changes (Fig 5C and D). These data revealed that CARM1

and USP7 regulate E-cadherin and vimentin expression based on

LSD1 R838 methylation.

We next investigated whether LSD1 methylation participates

in the gene regulation through its function of histone demethyla-

tion modification. Our ChIP results revealed that R838A mutant

led to a marked increase in H3K4me2 but unchanged H3K9me2

on E-cadherin promoter (Fig 5E), meanwhile, an increased

H3K9Me2 but unchanged H3K4me2 on vimentin promoter

(Fig 5F). Besides, MS049 or P5091 treatment led to a decreased

enrichment of LSD1 at E-cadherin promoter, together with a

notable increase in H3K4me2 but only a marginal change in

H3K9me2 in MM-231-shLSD1-WT cells (Fig 5E). Meanwhile, the

enrichment of LSD1 at vimentin promoter was decreased accom-

panied by an increase in H3K9me2, but unchanged H3K4me2

(Fig 5F). In contrast, MS049 or P5091 treatment had no influence

on the enrichment of LSD1 and histone modifications at both

promoters in MM-231-shLSD1 R838A cells (Fig 5E and F). These

results strongly suggest that CARM1 and USP7 epigenetically

regulate the expression of E-cadherin and vimentin via methyla-

tion of LSD1 at R838.

◀ Figure 2. LSD1 R838 methylation promotes the stabilization of LSD1.

A Methylation of LSD1 was assessed in MCF10A, MCF7, and MDA-MB-231 cells by immunoblotting using anti-LSD1 R838me2a.
B, C Protein and relative mRNA expression levels of LSD1 in MDA-MB-231 cells transfected with CARM1 shRNAs or control vector were assessed by Western blotting (B)

and qPCR analysis (C) (Error bars represent the mean � SD, n = 3 experimental replicates, ns = not significant, Student’s t-test).
D MDA-MB-231 cells were treated with the indicated amounts of MS049 for 48 h, LSD1 R838me2a and LSD1 levels were assessed by Western blotting using indicated

antibodies.
E MDA-MB-231 cells were treated with increasing amounts of MS049 for 48 h in the presence of MG132 (10 lM) or DMSO, before LSD1 level was analyzed by

immunoblotting.
F MDA-MB-231 cells were transfected with control or CARM1 shRNAs and then treated with MG132 or DMSO for 10 h, and the cell lysates were analyzed by Western

blotting.
G MDA-MB-231 cells were transfected with CARM1 shRNA#2 or control vector, and then treated with CHX (100 lg/ml) for the indicated time; LSD1 protein level was

examined by Western blotting.
H MDA-MB-231 cells were transfected with control or CARM1 shRNAs and then treated with MG132 for 10 h. Cell lysates were immunoprecipitated by anti-LSD1

antibody and then analyzed by immunoblotting.
I MDA-MB-231 cells were treated with increasing amounts of MS049 for 48 h and MG132 for 10 h. The ubiquitination level of LSD1 was assessed by

immunoblotting after IP with anti-LSD1 antibody.
J HEK-293T cells that transfected with LSD1 WT or LSD1 R838A was treated with CHX for the indicated time. LSD1 was examined by Western blotting analysis.
K HEK-293T cells were transfected with the indicated plasmids and then treated with MG132 for 10 h. Cell lysates were immunoprecipitated using anti-Flag antibody

and then subjected to immunoblotting.
L HEK-293T cells expressing LSD1 WT or LSD1 R838A were treated with or without MS049 for 48 h and MG132 for 10 h. Co-IP assay was performed using anti-Flag

and then subjected to Western blotting.

Source data are available online for this figure.
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LSD1R838me2a/CARM1/LSD1 level is associated with grade of
breast carcinoma

To investigate the clinical relevance of our findings, immunohisto-

chemistry staining was performed with anti-LSD1 R838me2a, anti-

LSD1, and anti-CARM1 antibodies in human breast tumor samples.

The results revealed that ~77.1% (54/70) of the samples were posi-

tive in LSD1 R838me2a immunoreactivity, while the proportion of

LSD1 and CARM1 were ~78.6% (55/70) and ~75.6% (53/70),

respectively. Among LSD1 R838me2a immunoreactivity positive

samples, 12(22.2%) specimens showed weak staining, 9(16.7%)

moderate staining, and 33 (61.1%) strong staining (Fig 6A). Like-

wise, among LSD1 and CARM1 immunoreactivity positive samples,

8 (14.5%) and 7 (13.2%) specimens displayed weak staining, 14

(25.5%) and 9 (17%) moderate staining, and 33 (60%) and 37

(70%) strong staining, respectively (Fig 6A). Furthermore, a high

level of LSD1 R838me2a occurred in 66.7% of stage III, whereas

only 34.9% in stage I/II breast cancer samples (Fig 6B and

Appendix Table S2). Likewise, a high level of LSD1 and high

CARM1 expression occurred in 70.4 and 75% of stage III, whereas

only 32.6 and 38.1% in stage I/II breast cancer samples (Fig 6C and

D, Appendix Table S2). To determine the clinical relevance of LSD1

R838me2a, LSD1, and CARM1, the immunohistochemistry staining

was scored on a scale of 0–12. Consequently, data analysis showed

that the correlation between LSD1, LSD1R838me2, and CARM1 was

statistically significant (Fig 6E–G). These results suggest that high

LSD1 R838me2a expression is driven by high-level CARM1, which

is correlated with malignant breast cancer.

Discussion

LSD1 has been frequently reported to be linked to tumorigenesis

and is generally considered as an oncogene [9–12,19,39,40], with

only a few exceptions [41]. We have determined in this study that

LSD1 is a tumor-promoting gene for breast cancer. Significantly, we

first describe in this report the critical role of LSD1 arginine methy-

lation to its function in breast cancer, as well as a series molecular

event involved in this process. Specifically, we have identified that

CARM1 dimethylates LSD1 R838, which stabilizes LSD1 via enhanc-

ing the binding of LSD1 with USP7 leading to the deubiquitination

of the protein, and this in turn promotes breast cancer tumorigene-

sis and metastasis. Thus, we have unraveled the novel critical func-

tion of the CARM1-USP7-LSD1 axis in breast carcinogenesis.

PRMTs are constantly found to be dysregulated in numerous

cancers [27,28]; however, the effects of methylation by PRMTs on

cancer metastasis remain poorly understood. Recently studies have

shown that LSD1 and CARM1 co-exist in the same complex [42].

We confirmed in this study that LSD1 is directly interact with

CARM1 (Figs 1D and EV1E) and LSD1 is a bona fide CARM1

substrate (Fig EV1C), and we identified that LSD1 R838 is the sole

methylation site (Figs 1E and EV1F). In addition, the previously

reported automethylation of CARM1 [43,44] was confirmed in our

methylation assays (Fig 1E). Notably, recent studies indicate that

the role of CARM1 is complex and context-dependent in cancer

development, which functions both as a tumor-suppressor [45–49]

and as a tumor-promoting protein [28,30,34,35,50]. Importantly,

in vivo studies have shown the oncogenic activities of CARM1 in

◀ Figure 3. CARM1-dependent methylation of LSD1 promotes deubiquitylation of LSD1 through USP7.

A Immunoprecipitation assay was performed using anti-Flag antibody in MM-231-shLSD1-WT/R838A cells. The interaction of LSD1 and DUBs was detected by
immunoblotting with indicated antibodies.

B MDA-MB-231 cells were treated with the indicated amounts of P5091 for 48 h, LSD1 protein levels were assessed by immunoblotting.
C MDA-MB-231 cells were treated with P5091 (10 lM) for 48 h and MG132 for 10 h. The LSD1 ubiquitination level was measured by immunoblotting after

immunoprecipitated with anti-LSD1 antibody.
D HEK-293T cells were transfected with USP7 WT or USP7 C223S, then treated with MG132 for 10 h. Cell lysates were immunoprecipitated using anti-LSD1 antibody

followed by immunoblotting analysis.
E MDA-MB-231 cells overexpressing Flag-tagged LSD1 WT/R838A after knockdown of endogenous LSD1 and then treated with or without P5091 for 48 h and MG132 for

10 h. Cell lysates were immunoprecipitated by anti-Flag antibody and then analyzed by immunoblotting.
F MDA-MB-231 cells were transfected with control or CARM1 shRNAs before treated with MG132 for 10 h. And cell lysates were immunoprecipitated with anti-LSD1

then subjected to immunoblotting.
G MDA-MB-231 cells were treated with or without MS049 for 48 h and MG132 for 10 h, and cell lysates were immunoprecipitated using anti-LSD1 antibody and then

analyzed by immunoblotting.
H HEK-293T cells were transfected with USP7 WT or USP7 C223S, then treated with or without MS049 for 48 h and MG132 for 10 h. Cell lysates were

immunoprecipitated with anti-LSD1 antibody followed by immunoblotting analysis.

Source data are available online for this figure.

▸Figure 4. LSD1 R838 methylation promotes breast cancer invasion and metastasis.

A, C Migration assays (24 h) of MM-231-shLSD1-WT/R838A/R838K/R838F cells (A) and MCF7-LSD1-WT/R838A/R838K/R838F cells (C) with or without MS049 treatment.
Representative micrographs of migrated cells are shown. Data represent the number of cells derived from mean cell counts of five fields (Error bars indicate the
mean � SD, n = 3 experimental replicates, *P < 0.05, **P < 0.01, ***P < 0.001, ns = not significant, Student’s t-test).

B, D Invasion assays (48 h) of MM-231-shLSD1-WT/R838A/R838K/R838F cells (B) and MCF7-LSD1-WT/R838A/R838K/R838F cells (D) with or without MS049 treatment.
Representative micrographs of invaded cells are shown. Data represent the number of cells derived from mean cell counts of five fields (Error bars represent
mean � SD, n = 3 experimental replicates, *P < 0.05, **P < 0.01, ***P < 0.001, ns = not significant, Student’s t-test).

E MM-231-shLSD1-WT/R838A/R838K/R838F cells (1 × 106) were injected into the tail veins of 5-week-old female nude mice, and 7 weeks later, mice were sacrificed
with euthanasia and lungs were fixed in paraformaldehyde solutions. The number of visible surface metastatic lesions in lungs was counted (mean of 7 mice)
(Data are mean � SD, n = 7 mice for each group, *P < 0.05, **P < 0.01, ns = not significant, Student’s t-test).

F Lung metastatic nodules confirmed by hematoxylin and eosin staining. Scale bars, 100 lm.

Source data are available online for this figure.
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Figure 5. CARM1 and USP7 regulate the expression of E-cadherin and vimentin depending on LSD1 R838 methylation.

A, B MDA-MB-231 cells were treated with MS049 or P5091. ChIP assays were performed using anti-LSD1 antibody, and the immunoprecipitated DNA was analyzed by
qPCR using specific primers of E-cadherin (A) and vimentin (B) promoters (Data are mean � SD, n = 3 experimental replicates, *P < 0.05, **P < 0.01, Student’s
t-test).

C, D MM-231-shLSD1-WT/R838A cells were treated with MS049 or P5091, real-time PCR was performed to analysis the E-cadherin (C) and vimentin (D) mRNA levels
(Data are presented as mean � SD, n = 3 experimental replicates, **P < 0.01, ns = not significant, Student’s t-test).

E, F MM-231-shLSD1-WT/R838A cells were treated with MS049 or P5091. ChIP assays were performed using anti-LSD1 or anti-H3K4me2 or anti-H3K9me2 antibody, and
the immunoprecipitated DNA was analyzed by qPCR using specific primers of E-cadherin (E) and vimentin (F) promoters (Data are mean � SD, n = 3 experimental
replicates, *P < 0.05, **P < 0.01, ns = not significant, Student’s t-test).

Source data are available online for this figure.
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breast cancer [51]; nevertheless, the molecular basis of this

complexity in CARM1’s action remained largely unexplored prior to

this study. Our study demonstrates that CARM1 and LSD1 are highly

expressed in human breast cancerous tissues compared with the

non-cancerous tissues (Fig EV2), and CARM1 expression is elevated

in malignant breast cancer (Fig 6D) and is positively correlated with

LSD1 R838me2a and LSD1 levels (Fig 6F and G), suggesting a

tumor-promoting role of this protein in breast carcinoma.

A

C

F G

D E

B

Figure 6. LSD1R838me2a/CARM1/LSD1 level is associated with grade of breast carcinoma.

A Typical pictures of the immunohistochemical staining of LSD1 R838me2a, LSD1, and CARM1 in breast cancer samples. Scale bars, 100 lm.
B–D The percentage of samples with high level of LSD1 R838me2a (B), LSD1 (C), and CARM1 (D) expression in different TNM stages of breast cancer (n = 70 breast

tumor samples; B, P = 0.0095; C, P = 0.002; D, P = 0.0024; v2 test).
E–G The correlation of LSD1 R838me2a with LSD1 (E), CARM1 with LSD1 R838me2a (F), and CARM1 with LSD1 (G) was statistically significant among breast cancer

specimens (n = 70 breast tumor samples; E, R2 = 0.8835, P < 0.0001; F, R2 = 0.889, P < 0.0001; G, R2 = 0.8478, P < 0.0001; Pearson correlation test). Note that
some samples have overlapping scores. IHC score was evaluated according to Feng et al [19].

Source data are available online for this figure.
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We find that the methylation of LSD1 R838 enhances its binding

to E-cadherin and vimentin promoters, to demethylate H3K4me2

and H3K9me2, respectively (Figs 5A and B, and 5E and F).

However, it remains unclear how LSD1 mediate both H3K4me1/2

demethylation and H3K9me1/2 demethylation. One clue might be

the interplay between different modifications, e.g., phosphorylation

of LSD1 H3T6 or H3T11, switches its demethylation activity from

H3K4me1/2 to H3K9me1/2 [52,53]. Moreover, the interaction of

LSD1 with different complexes may switch its substrate specificity

between H3K4me1/2 and H3K9me1/2, indicating that the co-

repressor or co-activator function of LSD1 might also be mediated at

a target-specific basis [54]. It is known that association of LSD1 with

CoREST or NuRD is involved in transcription repression [55],

whereas when LSD1 interacts with androgen/estrogen receptor, it

plays a role in transcriptional activation [3,56,57]. Furthermore,

LSD1+ 8a, an isoform of LSD1 in neurons, can only mediate

H3K9me2 demethylation in neurons [4]. In addition, as another

neuron-specific isoform of LSD1, LSD1n exhibits H4K20 demethy-

lase activity and is able to remove H4K20me1/2 in vitro and in vivo

[58]. These data implicate that the alternative splicing of LSD1 can

be a means by which it acquires selective substrate specificities.

However, further studies are needed to determine whether the argi-

nine methylation of LSD1 plays a role in the switch of substrate

specificity.

Protein deubiquitination is a highly controlled process [59]. In

this report, we have provided evidence that arginine methylation

of LSD1 suppresses its ubiquitination (Fig 2K and L), and at the

molecular level, methylated LSD1 potentiates its association with

deubiquitylase USP7, leading to deubiquitination of the protein

(Fig 3F and G). In contrast, other deubiquitylases such as USP22

and USP28 that are reported to mediate LSD1 deubiquitination

[13,18] have no correlation with LSD1 R838me2a under our

experimental system (Fig 3A). Moreover, previous studies have

revealed that USP7 plays a key role in tumor progression by stabi-

lizing a number of substrates, such as PHF8 and Ki-67 [60,61]. In

line with these reports, our study demonstrates that inhibition of

USP7 suppresses migration and invasion of breast cancer cells

(Appendix Fig S6A–C).

Recently, Med12 was identified to be methylated by CARM1

[62], and CARM1 inhibitor MS049 sharply decreases Med12-Rme2a

level in HEK-293T cells [63]. We prove that MS049 also reduces

LSD1R838me2a level in MDA-MB-231 cells (Fig 2D), which leads to

the downregulation of LSD1 by promoting LSD1 ubiquitination

(Fig 2I and L). Strikingly, MS049 impairs the capabilities of migra-

tion and invasion of MDA-MB-231 and MCF7 cells, depending on

LSD1 R838 methylation (Figs 4A–D and EV5A and B). Similar

results can be seen when the cells are treated with USP7 inhibitor

P5091 instead of MS049 (Appendix Fig S6D–F), suggests that USP7

inhibitor weakened LSD1-induced cell migration and invasion

depending on LSD1 R838 methylation.

Conclusively, data arising from this study depict a series of

molecular events in which CARM1 methylates and stabilizes LSD1

by promoting the recruitment of USP7, providing a direct link

between arginine methylation and deubiquitination, leading to the

repression of E-cadherin and activation of vimentin genes by attenu-

ating H3K4me2 and H3K9me2, respectively. Consequently, these

reactions result in the promotion of migration and invasion of breast

cancer cells, and facilitate cancer metastasis in vivo (Fig 7). Signifi-

cantly, manifestation of the involvement of the CARM1-USP7-LSD1

axis in breast carcinogenesis, and disruption of this axis by inhibi-

tors weakens migration and invasion abilities of MDA-MB-231 cells,

may provide a basis for the development of a potential therapeutic

strategy for breast cancer intervention, through targeting the

members of this axis.

Figure 7. A working model.

Proposed workingmodel of CARM1-USP7-LSD1 axis involved in breast cancer metastasis. CARM1methylates LSD1, which promotes its binding with and deubiquitylation by

USP7, leading to LSD1 stabilization. The stabilization of LSD1 enhances the demethylation of H3K4me2 at E-cadherin promoter and H3K9me2 at vimentin promoter,

resulting in repression of E-cadherin and activation of vimentin gene expression, respectively, which consequently promotes breast cancer metastasis.
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Materials and Methods

Cell culture

All the cell lines were obtained from the American Type Culture

Collection (ATCC, Manassas, VA, USA), where these cell lines were

characterized by DNA fingerprinting and isozyme detection. Cells

were immediately expanded and frozen such that they could be

revived every 3–4 months. Cells were tested every 2 months to

ensure negative for mycoplasma contamination with Lonza MycoA-

lert Mycoplasma Detection Kit (LT07-218, Lonza, Basel, Switzer-

land). MCF10A cells were cultured in DMEM/F12 supplemented

with 5% horse serum, 20 ng/ml EGF, 0.5 mg/ml hydro cortisone,

100 ng/ml cholera toxin, 10 mg/ml insulin, and 10 U/ml penicillin–

streptomycin. MDA-MB-231 cells were cultured in L-15 medium

(Sigma-Aldrich) with 10% FBS. HEK-293T cells are cultured in

DMEM medium (Sigma-Aldrich) containing 10% FBS. All the cell

lines were grown at 37°C with 5% CO2 except MDA-MB-231, which

was cultured at 37°C without CO2.

Reagents and antibodies

Reagents All the reagents used were purchased from Sangon Biotech

(Shanghai) except that listed below (Reagent, Manufacturer, Cata-

logue Number).

MS049, Selleck, S8147; P5091, Selleck, S7132; MG132, Sigma-

Aldrich, M8699; MG132, Beyotime, Shanghai, China, S1748; cyclo-

heximide (CHX), Sigma-Aldrich, C104450; EGF, Sigma-Aldrich,

E9644; hydrocortisone, Sangon, A610506; cholera toxin, Sigma-

Aldrich, C8180; insulin, Gibco, Grand Island, NY, USA, 12585-014;

Trypsin (1:250) Powder, Gibco, 27250-018; hFGF basic, R&D

Systems, Minneapolis, MN, USA, P09038; ITS, Sigma-Aldrich,

I3146; vaseline, Sigma-Aldrich, 16415; and Pentobarbital sodium,

Sigma-Aldrich, P3761. Antibodies (Antibody, Manufacturer, Cata-

logue Number).

LSD1, Millipore, Billerica, MA, USA, 05-939; LSD1, Sigma-

Aldrich, L4418; CARM1, Millipore, 09-818; E-cadherin (CDH1), BD

Biosciences, Lexington, KY, USA, 610181; N-cadherin, BD Bios-

ciences, 610920; vimentin (VIM), BD Biosciences, 550513; fibro-

nectin (FN), BD Biosciences, 6100770; GAPDH, SunGene, Tianjin,

China, KM9002; b-actin, Sigma-Aldrich, A5228, A1978; H3K4Me2,

Abcam, Cambridge, UK, ab32356; H3K9Me2, Abcam, ab32521;

HAUSP/USP7, Abcam, ab108931; FLAG, Abmart, Shanghai, China,

M20008; USP9X, Proteintech, 55054-1-AP; USP22, Abcam,

ab195289; USP28, Abcam, ab126604; Ubiquitin, CST, Boston, MA,

USA, #3933; HA, Sigma-Aldrich, H9658; Anti-dimethylarginine,

asymmetric (ASYM24), Millipore, 07-414; normal mouse IgG, Santa

Cruz Biotechnology, SC-2025; and normal rabbit IgG, CST, #2729;

the secondary antibodies used were goat anti-mouse and goat anti-

rabbit (ZSGB-BIO, Beijing, China).

Plasmid construction

All the restriction enzymes used were product of New England

BioLabs (NEB. Inc.). The restriction enzymes used included.

BamH1-HF (#R3136), Xho1 (#R0146), Not I-HF (R3189), Nhe I-HF

(R3131), EcoRI-HF (R3101), Pme1 (#R0560), Nde1 (#R0111), and

T4 DNA Ligase were also an NEB product (#M0202). All these

plasmids were confirmed by sequencing in Comate Bioscience

(Changchun, China).

Flag-tagged LSD1 plasmid (constructed by Dr. Jingxin Feng) was

used to generate LSD1R108A, LSD1R608A, LSD1R726A,

LSD1R838A, LSD1R838K, LSD1R838F, and LSD14 RA; these target

DNA fragments were then constructed into the lentiviral expression

vector pWPXLd (pWPXLd was a gift from Didier Trono, Addgene

plasmid #12258). The bacterial expression plasmids that express a

glutathione S-transferase (GST)-tagged LSD1 (pGEX-6P-1-LSD1)

were made by inserting those target DNA fragments above into the

pGEX-6P-1 vector in frame with the GST coding sequence.

3× Flag-CARM1 plasmid was used to generate GST-tagged

CARM1 (pGEX-6P-1- CARM1).

3× Flag-tagged USP7 was the gifts from Dr. Pengcheng Ma (Kun-

ming Institute of Zoology, Chinese Academy of Sciences, China). 3×

Flag-tagged USP7 C223S plasmid was kindly provided by Dr. Yong-

sheng Zhou (Peking University School and Hospital of Stomatology,

China).

For the shRNAs, sequences listed below were designed on the

BLOCK-iT RNA Designer online tool (Thermo Fisher) or find on

Sigma-Aldrich official website (https://www.sigmaaldrich.com/life-

science/functional-genomics-and-rnai/shrna/individual-genes.html)

and then tested in NCBI BLAST system to ensure specificity. The

oligonucleotides were synthesized and cloned into the vector pEN-

hH1 (ATCC, 10326368), and the H1 promoter-shRNA cassette of

pEN-hH1c was subcloned into the destination vector pDSL-hpUGIP

(ATCC, 10326373) through an LR recombination reaction (Gate-

way� LR Clonase� II Enzyme Mix, Thermo Fisher, 11791-020).

Sequences used are listed below (50–30, sense, antisense).
shCtrl, GATCCCCAATTGCCACAACAGGGTCGTGTTCAAGAGA

CACGACCCTGCCGTGGCAATTTTTTTC, TCGAGAAAAAAATTGCCA

CAACAGGGTCGTGTCTCTTGAACACGACCCTGCCGTGGCAATTGGG;

shLSD1#1, GATCCCCAGGAAGGCTCTTCTAGCAATATTCAAGAGA

TATTGCTAGAAGAGCCTTCCTTTTTTC, TCGAGAAAAAAGGAA

GGCTCTTCTAGCAATATCTCTTGAATATTGCTAGAAGAGCCTTCCT

GGG; shLSD1#2, GATCCCCGGAGCTCCTGATTTGACAAAGTTCAA

GAGACTTTGTCAAATCAGGAGCTCCTTTTTC, TCGAGAAAAAGGA

GCTCCTGATTTGACAAAGTCTCTTGAACTTTGTCAAATCAGGAGC

TCCGGG; shCARM1#1, GATCCCCCATGATGCAGGACTACGTGTT

CAAGAGACACGTAGTCCTGCATCATGTTTTTC, TCGAGAAAAACA

TGATGCAGGACTACGTGTCTCTTGAACACGTAGTCCTGCATCATG

GGG; shCARM1#2, GATCCCCGGACATGTCTGCTTATTGCTTCAA

GAGAGCAATAAGCAGACATGTCCTTTTTC, TCGAGAAAAAGGACA

TGTCTGCTTATTGCTCTCTTGAAGCAATAAGCAGACATGTCCGGG;

shUSP7#1, GATCCCCCCTGGATTTGTGGTTACGTTATTCAAGAGAT

AACGTAACCACAAATCCAGGTTTTTC, TCGAGAAAAACCTGGATT

TGTGGTTACGTTATCTCTTGAATAACGTAACCACAAATCCAGGGG

G; shUSP7#2, GATCCCCCGTGGTGTCAAGGTGTACTAATTCAAGA

GATTAGTACACCTTGACACCACGTTTTTC, TCGAGAAAAACGTGG

TGTCAAGGTGTACTAATCTCTTGAATTAGTACACCTTGACACCAC

GGGG.

Reverse transcription, PCR, and real-time PCR analysis

Total RNA was extracted using RNAiso Plus kit (TaKaRa, Code No.

9108) following the manufacturer’s instructions. The cDNA was

generated with M-MLV Reverse Transcriptase (Promega, Part No.

M170B) as manufacturer’s procedure (Part# 9PIM170, Revised 6/05)
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instructed. RT-PCR was performed with 2× Taq MasterMix (CWBIO-

tech, Beijing, Cat.No.CW0682). Real-time PCR was carried out on

Roche LightCycler 480 Instrument I System using LightCycler 480

SYBR Green I Master (Roche, Cat.No.04707516001). GAPDH was

used as control in all the experiments. PCRs were run in triplicate

for at least three independent repeats. Error bars represent the mean

with SD of triplicate experiments. The sequences of PCR primers are

listed as follows (50–30, sense, antisense).
LSD1: AGCGTCATGGTCTTATCAA, GAAATGTGGCAACTCGTC;

CARM1: TCGCCACACCCAACGATTT, GTACTGCACGGCAGAAGAC

T; GAPDH: ATGACCCCTTCATTGACCTCA, GAGATGATGACCCTT

TTGGCT; VIM: GACGCCATCAACACCGAGTT, CTTTGTCGTTGG

TTAGCTGGT; CDH1: ATTTTTCCCTCGACACCCGAT, TCCCAGGCG

TAGACCAAGA.

Western blotting

Cells were lysed in RIPA lysis buffer (50 mM Tris–HCl, pH 7.4,

150 mM NaCl, 1% sodium deoxycholate, 1% Triton X-100, and

0.1% SDS) after washed twice in cold PBS. Protease inhibitor used

was purchased from Roche Applied Science (Complete, Mini,

EDTA-free; Protease Inhibitor Cocktail Tablets supplied in EASY

packs, Cat.No.4693159001). Protein concentrations were deter-

mined by using BCA (bicinchoninic acid) Protein Assay. Protein

lysates were subjected to SDS–PAGE, transferred to 0.45-lm pore

size Hydrophobic PVDF Transfer Membrane (Merck Millipore,

Cat.No.IPVH00010), detected with appropriate primary antibodies

coupled with HRP-conjugated corresponding secondary antibodies,

and visualized with ECL reagent (GE Healthcare, Buckinghamshire,

UK). CCD system used to capture chemiluminescent signals was

Tanon 5500 high definition low illumination CCD system.

Lentiviral production and infection

Detailed descriptions were presented before [64]. The lentivirus

packaging vectors used were packaging plasmid psPAX2 (Addgene,

Cambridge, MA, USA) and envelop plasmid pMD2.G (Addgene). The

transfer vector pDSL-hpUGIP or pWPXLd together with the previous

two plasmid transfected into HEK-293T cells in a suitable ratio mixed

with transfection reagent polyethylenimine (PEI, Sigma-Aldrich).

The supernatant was filtered through a 0.45-lm filter (Millipore,

Temecula, CA, USA) after collected in 48 h, and the concentrated

virus was then infected recipient cell lines with 5 mg/ml polybrene.

Wound-healing, transwell migration, and invasion assays

These experiments were performed as described before [65]. For

wound-healing assay, cells were plated in 6-well plates at a density

of 1 × 106 cell/well. Cell layers were scratched by a 10-ll pipette
tip, and the progression of migration was detected and photo-

graphed in 20 h. In vitro cell migration and invasion assays were

performed using Transwell chambers with 8.0-lm polyethylene

terephthalate membrane (24-well inserts, Corning BioCoat,

Cat.No.354166). For the migration assay, 2 × 104 cells were seeded

into the top chambers. For the invasion assay, 2 × 105 cells were

added to top chambers coated with Matrigel (BD Biosciences,

Cat.No.356234). Basic medium was added to the top chambers,

while complete medium was added to the bottom wells to stimulate

migration or invasion. After incubation for 20 h (migration) and

48 h (invasion), cells adhered to the lower surface of the membrane

were stained with 0.1% crystal violet. Five randomly fields per filter

were counted using Photoshop-CS5 software.

Co-immunoprecipitation

Detailed protocol has been described previously [19]. Briefly, cells

were harvested and washed twice in cold PBS, and then lysed in

buffer A [20 mM Tris–HCl (pH 8.0), 10 mM NaCl, 1 mM EDTA, and

0.5% NP-40] plus protease inhibitor cocktail tablet (Roche). Incu-

bate on ice and shock lysates on the vortex shaker 10 times for 30 s

each. Microcentrifuge in 12,000 g for 10 min at 4°C, collect the

supernatant, and incubate with 2-5 lg corresponding primary anti-

bodies with gentle shacking overnight at 4°C, followed by adding

20-40 ll of Pure Proteome Protein A/G Mix Magnetic Beads (Milli-

pore, Cat.No.LSKMAGAG02) for 2–4 h. Wash the beads three times

with 1 ml buffer A for 5 min each, resuspend in 40-60 ll 2× loading

buffer, and incubate at 100°C for 8–10 min. Throw beads away and

analyze by immunoblotting.

Affinity purification of Flag-tagged protein

Transfection of plasmid that expressing flag fusion proteins into

HEK-293T cells, PEI reagent was used according to the manufac-

turer’s instructions. Cells were lysed in buffer A mixed with

protease inhibitor cocktail tablet (Roche) after 48 h. Add 30–40 ll
anti-Flag affinity gel (Biotool, Kirchberg, Switzerland,

Cat.No.B23102) and incubate 4 h at 4°C. Wash the beads three

times using 1× Tris saline buffer [50 mM Tris–HCl (pH 7.4) and

150 mM NaCl)] for 5 min each. Then, the Flag-tagged proteins were

eluted by 3× flag peptide (ApexBio, Houston, USA, Cat.No.A6001)

for 3 h at 4°C.

GST pull-down assay

The experiments performed basically as described before [66]. GST

fusion proteins were expressed in bacteria (BL21) and induced with

0.1 mM isopropyl-b-D-thio-galactoside (IPTG) for 4 h at 30°C and

centrifuge for 5 min at 4°C, 8,000 g. Add 1 ml TEN buffer (20 mM

Tris pH 7.4, 0.1 mM EDTA, 100 mM NaCl) into bacteria and soni-

cate on ice. Collect supernatant by centrifugation in 12,000 g for

5 min at 4°C, incubate with glutathione-Sepharose 4B beads (GE

Healthcare), and then wash three times with TEN buffer. Protein-

adsorbed beads were incubated with flag fusion proteins which

purified from HEK-293T cells. Wash the beads three times with 1 ml

TENT buffer (0.5% NP-40, 20 mM Tris pH 7.4, 0.1 mM EDTA,

300 mM NaCl) for 5 min each, and analyze by immunoblotting.

Generation of antibodies for LSD1 R838
asymmetric dimethylation

The LSD1 R838 asymmetric dimethylation (LSD1 R838 me2as) anti-

body encompassing the peptide P[R-(Me)2]QATPGVPAQQSPSM,

which corresponds to aa 837–852 of human LSD1 protein, was used

to immunize rabbits to generate a polyclonal antibody that detected

LSD1 R838 asymmetric dimethylation. The generation of polyclonal

antibody was performed in GL Biochem Co., Ltd (Shanghai, China).
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In vitro methylation assay and mass spectrometry analysis

Purified enzymes (GST/Flag-PRMTs) and substrate (LSD1) were

incubated in the presence of 3H-S-adenosyl-methionine (3H-SAM; 15

Ci/mmol; Perkin Elmer, Waltham, MA, USA) for 1 h at 30°C and

then analyzed by SDS–PAGE. The gel was dried for 1 h at 60°C

followed by autoradiography for about a month or so at �80°C.

Flag-LSD1 protein was purified from HEK-293T cells and followed

by SDS–PAGE. The gel was stained by Coomassie Brilliant Blue

(CBB). The flag-LSD1 band was excised and analyzed by liquid

chromatography-tandem mass spectrometry (LC-MS/MS) performed

in APTBIO (Shanghai, China).

Chromatin Immunoprecipitation (ChIP)

The chromatin immunoprecipitation was performed as described in

Feng et al [19]. The primers used in ChIP are listed below (50–30,
sense, antisense). CDH1 promoter: AGGGTCACCGCGTCTATG,

CTTCCGCAAGCTCACAGG;

VIM promoter: TGACTTCCACCAGGGT, CGTCCGTAGTTTCAAAAT.

Human breast cancer specimens and immunohistochemistry

Human breast cancer tissue specimen microarrays were purchased

from Outdo Biotech (Shanghai, China). The microarrays we used

were HBre-Duc070CS-01, HBreD030PG02, and HBreD030CS02.

Briefly, tissue specimen microarrays were deparaffinized and rehy-

drated. Antigen retrieval was then done by heating the tissues in

10 mM citrate buffer (pH 6.0) for 15 min at 95°C. Endogenous

peroxidase activity was blocked with 3% H2O2 (DAKO system), and

tissues were blocked with 10% goat serum followed by incubation

with Corresponding primary antibody in a suitable dilution ratio for

2 h and then incubation with secondary antibodies (DAKO) for

30 min. The immunostaining was developed with 3,30-diaminoben-

zidine. Finally, tissues were counterstained with hematoxylin. Data

were analyzed by doctors of the Pathology Department, The First

Hospital of Jilin University, China. IHC score was evaluated accord-

ing to Feng et al [19].

In vivo mouse lung metastasis assay

Detailed descriptions were presented before [67]. Briefly, stable

cells MM-231-shLSD1-WT, MM-231-shLSD1-R838A, MM-231-

shLSD1-R838K, and MM-231-shLSD1-R838F (1 × 106 cells

suspended with 150 ll of PBS) were injected into the tail veins of

female BALB/c nude mice (HFK Bioscience, Beijing) at 5 weeks

old. 7 weeks later, the mice were sacrificed with euthanasia, and

lungs were fixed in paraformaldehyde solutions before counting the

number of metastatic lesions. Then embedded lungs in paraffin and

performed with H&E staining. All animal experiments were

approved by the Animal Care Committee of the Northeast Normal

University, China.

Statistical analysis

Unless specified, data are presented as mean � SD. Student’s t-test

(two-tailed) was used to determine the statistical significance of dif-

ferences between groups. The proteins expression level in human

breast cancer samples was analyzed by chi-square test. P < 0.05

was considered statistically significant. Statistical analysis was

carried out using GraphPad Prism 5 Software (GraphPad Software,

La Jolla, CA, USA).

Expanded View for this article is available online.
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